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OBJIE 07 .ORIENrED C:ONCLltIHENT PROGRAMMING IN CST

Wililar i J Dally ard AidrewA. Chien

Abstr ict

CST i a o rogramming language based on Smaltalk-80 that supports concurrency using
locks asynchronous messages, and distributed objects. Distributed objects have their
state jistributed across many nodes of a machine, but are referred to by a single name.
Distributed objects are capable of processing many messages simultaneously and can
be used to efficiently connect together large collections of objects. They can be used to
constuct a number of useful abstractlons for concurrency. This paper describes the
CST 'anguage, gives examples of its use, and discusses an Initial Implementation. .
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Programming in CST'
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Abstract
(nosh aegar.5 fib 0) 0

CST Is a progamming sanguaigs bale on Sinaltalk-80 that (if (c# 2)
support. coacurteamq using locks, oryuchroow messages, (reply 1)
and disributed objeta DlatriluiW objets have thei: stat. (reply C+ (fib go slf 0)
dlAtubutdaosmany mode o amachne, butuae reerred (fib Csef2))))))
to by a "0gl name. Dletubited objects are capable od Pro-
onesing many meossaiamultaneously mad can be used to (filb 15) -V "T
effiienly comnect togerther large collections of object. They
can be used to comstzict, a number o( ussiul abstracions for
cocurrncy. This paper describes the CST language, tives Figure 1: A CST program to calculste Fiboniacci numbers
enample oIts use, sad discusses a InUit mplansistatloe. using double recuzroe.

1 Introduction at Wiir M~, 121. The J-ac Is a fine"Psin omecwnec
onopwa. Is adintly asaes tasks with a grain @se of

This pepe describes CST, an obaect-riented curet Pao 10 l..neteine and sapper a &Wba virtual address space
gummng isagaw based an smalita&w8 [11I. CST W& This machin reqir a programming system tat allow
three coue to sequential Smaltlk. First, messages are pggan to cod5nly describe peogpai with method-
asymchrandus. Sevel weesge CA be sect owerrently level wwmcyc and that facilitates the dsveviot of ab-
witho"t wa"tng hr a MOTl. Second, s"vWIa mothods may Kruo Wr loewmfey.

wsoan object concurrently, locks ame prvided for oa Object-oriented programming mfts the &rA of thue goal
ourrecy anuol Finally, CST aow the proprausme to by introducing a discipline into insags Passing. Each ex-
describe distrbutedi objects, objects with a single name but pression Implies a message sisni. Each message invokes a now
distributed Ate They can be used to construct absrac- PP~ Each roosive is implicit. The global addres space of
Lims for ocuarrency. object idetiles ellmInates the need to refe to node anm-

CST s b* dwe~W s pu o(theJ-Mchl proect bers and p10 e M L 'rh prorame doe not have to
CS? I bein devloped part f th J-acln proec __l sae met into the program. kep

In*s mmbdss e0 tis papner useppested Is pad %VY ibe track at Proce I Me nd perfor m bookkeeping to determine
Dde.. Assd esil s Ron" F Agswy unde UUVaws M00014- Which bjeCtg Are local and Which a re mote.
g.44g sad NOO§1445.K.4M is pes by a eilsea Selme lbua.
dim Ptwldial Yong tsva~pw Awsd wit awkngN For examo. a CST pnogaml that calculates Fiboniacci um-

hu OMsEalodet C rpeeahem sd Is pan by as Analg NO-4 beas using double recursion is shows in Figure I. Nowhere in
rwosU~hi. the prosraim does the progranmer arplicitly specify a send

ar receive. and se oe numbers or process Me are men-
tinned Yet, se she"s in Figur 2 the Program ahIta aK p~VAn udeal of Oscmcna i7. ai" fmoe~Spasing: implicit
lnth e apWdmps programming Ad makes it ean

NTIS r'f?/,. to describe fS*%Mera coincurracy.
12 ri wu [ An object-orienaniiuaged a mrges locality. Oper.

i:>l()m as aa atlmom *ob happea a&the object. W4 froma ditance

C p s pe m a pv*CST, a dalon " ba s5a w os

-. hung LISP. to*5 CS? (4 Use rAsysm ew.i thaW of salkalkh*

HYx



2 Concurrent Sma~ltalk

* T)p'- Level Expresons

A CST progpam consists ofa smibe of top-level ePowiceos.
Top Woya W=rm include decdarations of program and da as
well as uecuta~be expreslons Linking of programs (the

por~sit shos thetr tuob mehos aiis tasksnmialy

inftVlo.- and (onstantsataLO)

CSTp fa2ltae thnurenc posros o Fioncc aroracto ThTheldclrto ipy aa h ae.Isvle
poidin dio s trinubed objactv obecs wur ingle amesagebold h cntn ecaalsden an

whoe iateIs isribtedaaue te od.of saurnt and bind h nosais to lrdsdfn nmsi the secn-d ale

by providaynaing o distribted objects: bet ihasnl ae MAubud h osa elrto ei tecm

alompuwthr r ameit to mynmings a iisue objctse

oady Alms th to afildesty cebe togeth Implarwenu.
ban of objects. Detiuig the came ci a si.61 distributged Obetmedn yspcfigla 0* OfAPr
que to am of prodowe and comns objects, for exam, Obct care daved by specfinstnc cla. Ondujetst an.
pie, onecte iesty peaducss to amn coahem without a iua lehv hsm ntnevralsadudrtn
boftleseck the same messages. A class my inhecit variables and math-

ode frm amn or moe supcrassm~ For examPke

Blacgronnd (class u-saaser (circuliseimrnt)
source drusn gute type size srtat.)

The development of Concurrent Si'..Utalk was motivsad by
dineldacioa with procmswbasedi concurrnt propaminang 4ea a cas %vAns tutor, that inherits the Properties of
wng sands and receives (I1. Many of the ida wer bor. class circuiteiesen-t and adds six instance variables. This
ronA.' Arm actor Languagw 111. men h&t methods foe the dass rnuistor can access all
Another lanuage named Concurrent SmailtaLk ham been do- the instance vasiahs of clam ct1rcuiteenen as well as
Veod A Ko University in Japan :31. Thir language also tdices deinem in their own class definition. Methods dodned
allows mesge sending to be asynchrocov- but does not fo CO elrtc ee ain also inhwlted. l.5tlac Tart-

inclde te ablityto dscrie ditribted bjecs. eis !L the class daatitL-n may hlile (shadow) those defined
Include ~ ~ ~ ~ ~ ~ ~ ~ ~ i the mpltyt esrbederit ojcs. it th". have the $am Ram. The same

kind4 ol shadowing is allwknl for selectors (costod -%as).
Outlin

no reane __ ths___dsrbs S n isip* Methods

meton. Section 2 prsnts tioe abstract syntax of the The behavior of a clam oc objects is deadned In terms 0( the
laanage, describes the primitive typoesand operations sup. muags he udrtnd Fbe ach mage, a method is
ported by the Iseguage, and gives a simple example. [a SOO. 1P - hteeuinwysn additional messavem.
tUm 3. we dInalbe distuibuted objects. We discs. the mech. w~~Jy the object state modify the object behavior, and
im pei dad toaddim dstrbeteobject.ad their oo. creat -e object.
Astm a 11 a eeal examples. Sectdon 4 describes an
impinn ieft ICT. Miethods o= of. ader@ and a body. The head. sped"he

class, selector, armamnts, and locals. The body consists of



o"e or moore epressons. For example: o" ;e~ 463p.

(method transistor iga 0) 0)'ae
('yly (- (voltage gate) (voltage source)))) ((se14MeC30t 4receiver-em;) *g00441 )

(seat d atecvr-expo treCeLvet-aq?

dedoee a eto for dass transstor wih selector vga. (Value <eM),) I
The two empty lists indicatos that there ame no arguments and (Net aRMe3 (em;)
no local varales. The keyw~eply sends the result o( the (cas (240 sa) (em)
following eipreslion hack to the sendier a( the vga msage. (Mg (noe). 44elOeer), (roceive??, (aCTSUsis) I
In the absence of a reply kayword the aethod replies with (torwd 'Cessiinaeft), (osecS?
the valve of the ladt epression. If the propammeir wishes to 4receiver)o (argv-) I

suppress the reply, he can mnthe (alts) form which CARsw (reply 4emW) 1
the method to terminate without a reply. (bleck ((femae) ('(Local&)') (eq.)) I

(it 4eMp) tem; 4eM")
Message ame sent Implicitly. Every expression conceptually (begi gespi) I
involves sending a message to an object. Of courne, comn- (alit)
monly occmring special. case, lik adding two local inte-
gae, will be optimized to elimainate the send. For example.
(voltage gate), sends the message voltage to gate. (# a Rim Time Environment
b) snds tho message + with argament b to object a. If a
and b are both local Integers, this can be optimized into a As in other dynamically linked sysems such as Smalltaslk and
single add lnstUactioe Lisp, we can think of much of the run time environment as

Eac exresioncosiss o a elcto, areclvr, nd eroor programs that ame apreloeded' Into the environment befoe
FA&crpusin cnsitsof seectr, rce~w, nd eroor the use propram Is excecuted& The primitive classes and

mom arpmenta. Identifiers must be on@ oh: ooastnt, global operations listed below are treated as sunh
variable, argument, Local variable, or instance variable. For
example, in the method below, tnccaeezZT~ ~O?.lS,30S

cem~eite Typot smys~
(Goal Vt AIUMILs (Integer ad flel): I
(Neshed T"Wtease too (yin) (Ty) sa" ~ a t ),ate" 10

(reply (thub va Sete vy V1 8)) Issow iU ad or we
Sybl: eq

Thes q ine (hueb vs gate vy vi 5) ousse of a aw A a"aIu
IDistribated Object: ce

lector, tzwb, a receiver vZ and f&M argumaests: gate, 'v NiIc 1601"
Vt, and S. In the srng method, too, frob and 5 are cow
~As"a vxiIs ast argumt, gate Is an Instance variable, vy is Many primitive operations are delined on integers. dlo"s
a local variable, and vt is a globial. bok ,adsmbols. These typical operations ane found in

Subexpeesloa may be excted concurrently and ame w many iangitaas The less iutitve prlmltlvas ame for arrays-
qumnced only by data dependence. For example in the Wo- arr ays ame allocated on single codes (this does not P.revent un
lowing extwegon .from building distributed arrays using distributed objects).

Values ame written using the at. put mesage and read using

C(voltage gate) (voltage s*arc*)) the at manage. new is a predeilned message which Allows us
to create objects.

The two voltage Uisags will be sent Concurrently %ad the Touch simply allows us to, reqiuz raclhroniatlon Teach

- mosags will be sent when both replies have beew received. reqires that its arguments be avallable for reading. This

The only way to serialize suberpreseon evaluation is to 410 allows us to conitrol whene suspension can occur.

sign intermediate results to local vsAables.

A ccrnplete list of CST expressions is shown below- An Example Program

This program intepares a function over the IPecilod inter-
val using a trapeelal approximation in each aubintarval.
The number of times the interval ts subdivided and heace
the subinterval sie is determined b1 ePelM, the Mmmu
inteirval aoed to be approxlmated an a trapesoldi.



ntegrate messge We could haves produced Aslar hehar
lot without the use o1 the locals .uhlnL and subIaLi We
introduce the Wocals to Illustrate the c..t construct. The tw

vot toVA mm Am"m llsuits (ros the concurrent sends PIt written is"o sublt ad
L'~ J "US~4subint2. The send operato. in the last line o( the mathod

meo "s (msad of the # selector) requires both sublaterval vuam and
(9 toWit.Ot) 41 thus causes the method ectasto suspead unti both mo

,, a 1 inS..winmm~Isuits have bow meurued.'

(m~~~~%o* slaI. al W~ e$) 4

as" as ea t e 014

CS 3 99 " DPsriut d i bjects J

mm ea .00 4-w"a 2 m y objects -MW be actively pcoammlag mo hwselta-
, ~semy. HoWee, ornary objects can only v -I a single

amesag at a time. CST relame this esulictios with M.
tributed objects (DO.). Distributed objects are mades up ot

Figure 3: A CST program to integrates a function using dou- multipl repOsiuatvu (=mAutun objects) that 4am each,
We recusmsscgest mu "independently. The distributed object hus

b~n recursias. acce (Dietrbuted object MD or DID) and Al other object.
___ __ ___ __ ___ __ ___ __ _ sed mesqe to this -am when they wish to -se the DO.

The my-Sasw ite-tuacties, and istegimte awthods are Meese met to the DO an received by ass and only one
both declared for the Cl1ato float. BY-taerile-mct is. Consttuent object (CO). Which constituent reaiwi the ame
takes only age parameter, the value for which we want to sa sMunpcfe In th lIsmoag. A cleve implemen
calcWlAte the fwucton This argumt ts the Imoplicit eelS tai might send the Un. to the closes constituent
argument, us the floa o( Interest reeie the funonseoc whereas a simpler immetaton. Might sed the insses
tor and calculates the value of the tanction. hsare takes to a ran comtltaet The Aso of distributed object
the low Pao of the Interval (eels), the high POWn of the is trledistrbuted ove comtt55*e as -IP- to
lnervml (bretaft), the Interval Agne (s01 s) n teih. a external requs ohme require the passng of moesw
tor hr the fmuio (eel) us WgMA Thaocrec mono&s the conmsuents before the reply to the request is
ppoffe hr an execu t0 Integrate i e Is Figure~ 4. "at. b. lokig is perOme o n the distributed object us

awhohL This meom tha the peegra-er meet mme the
______ ______ ______ ______ consteny of the dirbuted object.

Support for Distributed Objects

inin . -~ ~ a-rnCST Includes two aensuat to sapportl disributed objets.
- Far DO creation, we add an aegumt hr the ne" selector

-the number af ometitusels maired Ina this DO. In order
to pass qme"p within the object, sach constituent object

- must be &Wi to addre each of the other constituents. This
implewieted with the speal selector co. Each distributed

-object can we this selector, Lhe spcal instance variable
grpoup (a -eh6ena to the DO). and an Index to aiddress J.
consttuet. For example, (co pw.p 6) relse to Owe th

* ~condst~un d a distributed object. 2ush constituent ala
has sem to its own index mad the number 01 aenstitusets

- ~ in the entir distributed object. Thus a description 01 a d~s.
tributed object might look Something Ilk the example shown
in Figure &

FAgure 4: Concurrency proile of Integrat prgram The In the example 01 the distributed array, we would aunsts a UP-
pWo show the numaber of active tusks durin each Umsag Jhu array with tw seps. Fire we coaruc.' the distributed
Intervol object using the imw form The exaomple In igure 3 crat&=

a ditributedl object with 256 aomttmse. A~e the DO
Is crusted, we n itialse in a war th" Is appeupriate

The Imln 01parallel o ptations occurs Mt the two Wu~ a the distributed taW. We do s 4y smedlng it an itI
Owe 4ms ePOAbMies This construct alows doe method nWII is smam Is 00oms (4 lear. Ais Unse

em to .pesdwtotwalti for a repons to thes en of them -dm omps"ommrsWda



message (also daftnod in Figure S' This iaitlaltr~.lon sets This pleces a strict limit Sin object else, With distibuted
each conlattuecot up with an private array of the appropriate object. we only require that a constituent of the DO Ait o00
numbeir of element.. for example, if we wanted a distarray a single node. Sowns ulwe'al etaimples for distributed objects
o( 512 slewamts In this case each constituent would have a are dictionarIes, distributed arrays, "ato.'e. gad priority
private array of two elements. This initialization Is done in queues.
a tree reclusive facisln and therefore takee O(lg(n)) time.

The amapping of the distarray elements onto the private af-
ray is d-ol by th at an to %mtos.Ec_ n Implementation
stituent is responsible for a co~Uuou range of the distar-
may eleent. Any request received by a constituent are Ant A "ie proprammig miloist for CST has bess im-
checked to m if they ane iilthn the local CO's jurisdiction. plaestad on the a Symbollic 3600 system This envlrow.
If they use uot, they are lorwarded to the appropriate CO. me"t lcludes a comspila (whic doee WaceeMWaa compi.
if they are, we handle the requos locay. This Is a partlen- latin). a saodmc. ad plotting fadilties. The complie
Lai", simple example, becaus eA ~situeint is wholly Me accepts a Prfl CST pnops. and produces Intermediat
spoosible for his subrang and need not negotiate with other codee (Icodee), Thawe leoad can be exeuted Sim. the siws
constituents before modifying his local state. ula yielding concurrency proffles, processor utilwiatons.

dynamic Icode mniiee, anid various other hindg Off inlorms.
tion. The latider can be used s a. source hr various compler

sqM~mmm e~wemuma em.hack-ends Om. suchl back-end, curretly under deveopment
rh w 4MI ele'm ea&o me @No" a Vm. ON"tetamm. in the Mmmnarreas VLSI Architecture Group at MrT. targets

lots .ern'wf (*siul M-116e rn-oom silL-wav the Mimge Driven Proaor's (31 instrurtlon mta.

allOe. m mo" PtiiiiS a l mitm awoim ~
efew omm fet, tw.tlt

-W" femtl I Thett~m  le geinerated by the compler ane similar to the byte.
codes o( the SmalLitalk40 system However, we only require

felo t, ta *We elee'endl gsetaxied., 1aw fewesr, than in the SinalitaLk-80 eye-
(Ima IG ON-s~a o 0 t I AOWIIItsl lodware siguicantly igher level than insrUnctlons

.4%tG"W (ga VII 0WA-~ in a ticl machine TypicloIodee an MOVIE, SEND.
eva ins..eminJUMP, REPY, FALSEJUK?, etc. In Flgure 6, we glem the

aimet~.-5(atma wee (St =m, 5 aim wiS lod. hor the Plbm&M~ routn ta FIgure 1.
.i*.Sh. 1 0 ami go" Onle can me that the IEd dearlY relect the Structur at

mm 5 (if a4. m~s (too-i low ~ Plafa do" w the CST propsee The pwest precdin (label 0) is clearly
c~ina (f 1 ~amembmS Sm- ( ~ S am~ Identifiable as the vitAltional UK and one of its arms. The

- ~~ iemaindet o( the lcod. wre the other arm of the conditkionl.
woim WYw .10 ai a The compiler per&rus two optumizatlon. specific to Concur-

IS iiww' (Wool fla~ Mitpor= ti orwarding a ;ode reor~erng. Tailn
I ! mu (I i -eem 0 lseI~M 15

(sem te~ I iat (I IMu rn-fem (55

ft.__ atmat emu So " (110114 (aft 0) < sel1f (cornea 2))

olaww" yw aft t hmONSimS (aimati tfaxaejuis (%MP 0) 0)
(bm $.m (*rn-o 0. fn~ill$ (sow* (twop 1) (CeaeU 1)

"~h(itaie ei (WWN fimua rn-mimi 1two"g ,emuaat - -4 Of em mew se muw Aa ti.9 (reply (tog M)

(".a mit-yew Indmm oemmim "kail) (label 0)
,. mm mewyew ass mlmoua (cesad (tew 2) - seou (cmeeI M)

(am, fe"Frol loll(esesd (tug 3) tlb (awi 2))
(Cgs"d (so" 4) - sealt (ceig" 2))

Fiue5: A Distributed Array Example (C5se" (tmp 5) fib (two Q)
(sen" (tog I) 1 (tog 3) (tog 6))

(rsply (tmp M)

Other Dlatributed Object Examples Figure 6: Intarmedlat' Codes for fib proram

Distributied objets wre Ili reat utility in building lamg ob-
jects on a Amo pains mades.e In the J-ahine, we restrict forwarding is similar to tal reclasbl. Miham the value so-
omd~zwy object. to Ait within the memory of wingle mode. turne from a method is the repy hrem, a, calle method.



the reply is shtortcircuited by having the called method re- [21 Daily, W. J.. *Fin..Gran I essqo. using Concurrent,
ply directly to the original sender. Code reordering moves Computers.* hA"@ Pocesa.
messsage sends earlier In a code block to generate additional
COnCurreacy. (31 Daily, Willam J. et.aL, 'Architecture of a Messae-

Driven Procssor,* Proceiasv of the 1416 ACM/IEEE
Sympexsem Compaloew Areisdimetv, June 1967. pp.

Simulator twgs.

The simulalor interprets Icdm pain output by the conm* (41 Daily, Wi Warn J., A VL.SI Ar~chuscm' *w iCeiscurva
piler. Howevoir, CST programs require several kinds of ru.n Dafe Structures, Kluwer. Boston, MA, 1967.
time support (hardware and low level OS services) In order (51 Yokota. Yasuihiko sad Tolsots, Mario, 'Concur-
to run. Services required by CST' (and provided by the sim rent Programmiag In CkisicurrisctSmallitalk,' 0ljet-
1±Iato) include Implemnentation of virtual aidd,..e spaces (ID OretdCnwva ei ut Yeaw mad
to node transLation, ID to segment eddross translat), syn.* rokoeo ede., MT Press, Cambridge, MA, 1967. pp.
chronization support (dispatc on mossage arival and trape 2-18
on futures), addressing su~pport for distributed objects, ad
primitive object placement and migration support. The ker- [81 Halsiessi Robert H., 'Paralleal 9SymboUc Comnputa-
nel of the operating system for the J-machlne, JOSS (91 pro- tion," IEZE C~mputer, Vol. 19, No. 8, P'iag. 1966, pp.
v13e. similar seerrlom 35-43.

Th v simulato allows; us to study the macroscopic behavior of [TI Su. Won-King, Fasacette, Roe.s and Seitz. Chaime L..
CST progrm For ctample, the concurrency profile in Fig- C Proreuner,'s Gaisd. g. Asm Cosmic Cube Technical
uue 2 was generated by the Icode simulsaor. Such a system Report 5203:TRJI. Depit. of Compute Science. Cali-
enables us to study issues of placement, concurrency con- fornia Institute o Technolopy, September 198.
trol, partitioning and other resource management problems
without worrying about the irrelevant architectural detail. (81 Goldberg. Adele and Habesis David Smeillis&h-80,

T'he Leass~ andi is Impleeagatse's Addision Wes-
1eM, Reading MA, 196L.

5 Conclusion (9) Toity, Brias, -An Operag System Kads for the
Jeilybfa hachisse, MIT Cacurvit VLSI Avtcstsc.

Ina this paper, we hae pteontn a new Language. Concur- ft Mom, 1967.

rvint Smalltalk, that ie deiged for coscurresacy. Specific
support for osicursesscy includes; lack. distributed objects,
and syachossoe MMNm Pedding.

Dietibuted Object represent a uigalic-a Innovion in pro.
girammaing parallo machiness. We refer to the ccnstituentsi of
a distributed object with a singlI name but the Implemen-
tatIon of the object is with ny coastitasts. This dif-
ferent perspoqctve allows easy use of distributed object by
outaad, programs while allowing the exploitatiou of internal
distributed object conciurncy.

We have described an implementation o*(a CS'T system This
programming environment includes a compiler, simulator,
and statisitics c~ection Packu-m. This set of tools allows
us to experiment with new constructs and Implementaion
techniquie for the lainguagii.

Concurrent Smallitalk requires significant run time support
in orde to executi effciently. Such support has barn impio-
ment'd in the simnL'Asw ard in JOS7, the operating gYstemn

Fwfin-nces

il A,Gal &, Adten. A Mods of C.cveiralCoYplis
SDilarii.Iad Ss;s, MTIr Prers, C*nnbridge,


